ABSTRACT
INTRODUCTION
Subtractive cDNA enrichment procedures have been used to identify mRNAs associated with tumorigenesis, differentiation, developmental stages and pharmacological stimulation (6, 7, 9, 16) . These methods require a large number of steps for which defined positive controls are not easily available. To optimize cDNA enrichment strategies, we developed a control using synthesized 32 P-labeled cDNA from commercially available sources of mRNA molecular weight standards (target) and produced biotinylated mRNA (driver) from the same source of molecular weight standards. In addition, we synthesized 32 P-labeled cDNA from rabbit globin mRNA (treasure) as a control for nonspecific subtraction. The target represents cDNAs the investigator wishes to remove with the help of the driver, and the treasure represents the cDNAs the investigator wants to clone.
MATERIALS AND METHODS

Synthesis and Analysis of Nucleic Acid Reagents
NJ, USA) and 100 µ Ci [ α -32 P]dCTP (3000 Ci per mM) (ICN Biomedicals, Costa Mesa, CA, USA) for all data presented except for Figure 3 . For Figure  3 , cDNA samples that were synthesized using a 30-µ L reaction containing 100 U Moloney murine leukemia virus reverse transcriptase (MMLV-RT; Life Technologies), 5 µ g polythymidine nucleotide primers (12-18) (Pharmacia Biotech), 10 µ M deoxynucleotides (Pharmacia Biotech), 1 ×MMLV-RT buffer, 100 ng mRNA molecular weight standards or 100 ng globin mRNA and 50 µ Ci [ α -32 P]dCTP 3000 Ci per mM.
With either reaction condition, after a 1-h incubation at 42°C, the reaction was stopped, and the residual mRNA was hydrolyzed with a 15-min incubation at 70°C in 250 mM sodium hydroxide. The cDNA was placed on ice and acidified with 0.1 vol of 2.5 M sodium acetate, pH 4.0 to a final pH of about 6.5. Two volumes of ethanol were added to each sample, and the cDNA was allowed to precipitate at -20°C for 2 h. The cDNA was recovered in the precipitate after one 30-min centrifugation at 4°C and 1 3 000 ×g . The samples were washed 2 × with 80% ethanol and resuspended in sterile water. Cold cDNA was synthesized from multiple reactions containing 1 µ g rat liver polyadenylated mRNA using the second set of reaction conditions.
The yield of each cDNA synthesis reaction was estimated by incubating 5% of the reaction product with 10 µ g RNase (Life Technologies) at 37°C for 10 min, followed by precipitation with 2 vol of ethanol and 0.2 M sodium acetate, pH 7.0. Following a 30-min centrifugation at 4°C and 1 3 000 ×g , the precipitated cDNA was resuspended in sterile water, and the cDNA was quantitated either by its absorbance at 260 nm or by using an ethidium bromide plastic wrap method with mRNA standards (12) . To evaluate the quality of the unlabeled rat liver cDNA, 5% of the initial reaction was incubated with 50 µ Ci of [ α -32 P]dCTP (3000 Ci per mM) and processed under the same conditions described for the control cDNA. Photobiotinylation of mRNA was completed according to the method of All procedures utilized are described in Materials and Methods. All samples were subtracted similarly and simultaneously. Each sample contained approximately 75 ng/ µ L biotinylated molecular weight marker mRNA-driver, 25 ng/ µ L molecular weight marker-target cDNA and 2.5 ng/ µ L globin-treasure cDNA. Globin cDNA represents approximately one-third of the input radioactivity (about 900 cpm), and the molecular weight standards-target cDNA represents the remainder. The presubtraction variability in counts and the occasional loss of counts during the subtraction procedure is believed to be because of nonspecific sticking of singlestranded cDNA to the plastic tubes and tips. 
Sho r t Technical Repo r t s
Forster and co-workers (3) using photobiotin from Vector Laboratories (Burlingame, CA, USA) and a Phillips 300-W flood lamp.
Subtractive Hybridization Conditions
The hybridization and subtraction conditions were modified from the procedures used by Sive and St. John (13) . The hybridization buffer contained: 50 mM NaCl, 50 mM HEPES, pH 7.6 (both from Sigma Chemical, St. Louis, MO, USA), 0.05% sodium dodecyl sulfate (Life Technologies), 2 mM EDTA (Sigma Chemical) and 50% formamide (Life Technologies). The hybridization buffer without formamide was treated with Chelex ® ion-exchange resin (BioRad, Hercules, CA, USA) before use to remove heavy metals from the buffer (2). The cDNA and biotinylated mRNA were precipitated separately and resuspended in 2 µ L of 2 ×hybridization solution without formamide. The amounts of nucleic acids in each reaction are stated in the legend of each figure. To each reaction, 2 µ L of deionized formamide were added, bringing the final hybridization volume to 4 µ L. Just before hybridization, the samples were heated to 70°C for 10 min, briefly centrifuged at 4°C, placed within 50-mL conical tubes and submerged in a water bath at 42°C for lengths of time as noted in the figure or table legend. Following hybridization, the samples were diluted to 100 µ L with wash buffer (50 mM NaCl and 50 mM HEPES, pH 7.6) to reduce nonspecific hybridization. After a 1-h incubation at 50°C, the cDNA/mRNA hybrids were removed with three rounds of streptavidin/phenol subtraction (13) .
Analysis of Results
Following completion of the subtraction reaction, 10 µ g of phenol-extracted tRNA were added to the aqueous phase along with 2 vol 100% ethanol and a final concentration of 0.2 M sodium acetate, pH 7.0. The cDNA was precipitated overnight at -20°C, centrifuged at 4°C for 30 min and washed once with 70% ethanol. The residual ethanol was removed under vacuum using a SpeedVac ® (Savant Instruments, Holbrook, NY, USA) at room temperature. The samples were resuspended in sterile water and counted using the Cerenkov method (5). For Cerenkov counting, each sample in its 1.5-mL tube was placed in a 10-mL plastic scintillation tube (Research Products International, Mount Prospect, IL, USA) and counted using the 32 P-energy window of an LKB 1214 Beta counter (Pharmacia LKB Nuclear, Gaithersburg, MD, USA). The counting efficiency of this method in water was 25%, and the counting efficiency was not affected by phenol. Following counting, alkaline loading buffer was added, and the samples were run on a 1% alkaline agarose gel overnight at 1 V/cm (12) . The gels were dried and exposed to film at -70°C in the presence of a Coronex Lightning Plus ™intensi -fying screen (Du Pont, Wilmington, DE, USA). Autoradiographic signals were quantitated using an UltroScan ™ XL Laser Densitometer (Pharmacia Biotech). The results of β -particle emission counting using the Cerenkov method and the autoradiogram were always consistent. Figure  1 (Figure 1,  lanes 1-10) . Following subtraction, the samples were ethanol-precipitated, separated by electrophoresis on an alkaline gel, dried and exposed to film. Densitometric analysis of the autoradiogram of the subtracted target cDNA (Figure 1,  lanes 11-14) , in comparison to the subtraction reactions, which did not include biotinylated mRNA (Figure 1 , lanes 9 and 10), revealed that greater than 99% of the target cDNA was removed. The apparent completeness of the removal of target cDNA is consistent between experiments and has been confirmed by longer exposures of the film. Analysis of the radioactivity remaining in the ethanol-precipitated aqueous phase also confirms that almost all of the subtractable counts have been removed (Table 1 ). The residual counts in the aqueous phase reflect the 872BioTechniques
RESULTS
Initial subtraction reactions (
Vol. 20, No. 5 (1996) Figure 1 . A simple control system to evaluate subtractive hybridization conditions. All reaction conditions are described in Materials and Methods. The concentration of nucleic acids are: globin-treasure cDNA = 2 ng/ µ L, molecular weight marker-target cDNA = 25 ng/ µ L, biotinylated molecular weight marker-driver mRNA = 1 µ g/ µ L. Samples were stored at -20°C before mixing, where appropriate, so that all samples could be subtracted simultaneously. Lanes 1 and 2, globin cDNA; lanes 3 and 4, globin and molecular weight marker cDNA mixture without biotinylated driver mRNA; lanes 5 and 6, complete reaction mixture stored at -20°C for 24 h; lanes 7 and 8, complete reaction mixture stored for 48 h at -20°C; lanes 9 and 10, 48-h incubation of cDNA mixture at 42°C without biotinylated driver mRNA followed by complete subtraction; lanes 11 and 12, complete reaction mixture, 24-h incubation at 42°C followed by complete subtraction; lanes 13 and 14, 48-h incubation at 42°C followed by complete subtraction.
remaining treasure cDNA plus as much as 10% of the target cDNA. The remaining target cDNA is presumably degraded into fragments too small to be efficiently subtracted, but cannot be seen on our autoradiograms. Quantitating the treasure cDNA as shown in Figure 1 (lanes 1-14) and in other similar experiments, shows that between 25% and 50% of the treasure cDNA is nonspecifically removed during the subtraction reaction with biotinylated molecular weight marker mRNA. This rate of nonspecific loss is comparable to other reported results (6) and is similar to our findings with other more complex subtraction systems (data not shown). Loss of radioactivity from the aqueous phase of completed subtraction reactions, in the absence of biotinylated marker mRNA, is consistently less than 10% (Table 1 , column 1), suggesting that cDNA loss during the complete subtraction reaction is not simply the result of sample mishandling. Instead, nonspecific losses are probably due to a combination of incomplete recovery of the aqueous phase, adherence of the target cDNA to pipet tips and trapping of cDNA in the organic phase by the dense layer of denatured protein.
Although initial hybridizations were carried out for 24-48 h, incubation times were subsequently shortened to allow for the optimization of hybridization conditions. During the course of these experiments it became apparent that this reaction occurs exceedingly fast even at room temperature. With high concentrations of nucleic acids (25 ng/ µ L target and 70 ng/ µ L of driver), 1-min-long hybridizations were sufficient to drive the reaction to near completion ( Figure 2, lanes 4-6) . Increasing the complexity of the reaction Vol. 20, No. 5 (1996) BioTechniques 873 Figure 1 except that the driver-to-target ratio is 1:3 (25 ng/ µ L target and 70 ng/ µ L driver). Lanes 1-3, complete cDNA and mRNA mixture but no subtraction; lanes 4-6, complete subtraction but less than 5-min hybridization; lanes 7-9, 24-h hybridization followed by complete subtraction.
with 1 µ g/ µ L yeast-denatured DNA (Table 1 , column 4) or 600 ng/ µ L unlabeled rat liver cDNA (data not shown) did not reduce the effectiveness of the subtractive hybridization reaction, demonstrating that the complexity of mammalian cDNA pools is not a limiting factor in the hybridization or subtraction reactions.
In subsequent experiments, we decreased the concentration of target cDNA still further, eventually reaching concentrations of approximately 400 pg/ µ L per target cDNA. We found that at these concentrations of target, 100-fold excess driver can effectively remove the target (Figure 3 , lanes 9 and 10) even in the presence of 600 ng/ µ L cold rat liver cDNA. Under these conditions, equal or 10-fold excess driver are only marginally effective (lanes [5] [6] [7] [8] . This data suggests that efficient removal of low-abundance cDNAs will not occur in the standard reactions involving mammalian cDNA and 10-fold excess driver. However, higher driverto-target ratios can be effectively used to remove low-abundance targets and to enrich low-abundance treasure cDNAs.
DISCUSSION
Hybridization reactions occur surprisingly quickly with high concentrations of cDNA, and this system moves to completion even in the presence of high concentrations of denatured DNA or with low target-to-driver ratios. The kinetics of this system are consistent with previous kinetic experiments describing the reassociation of mammalian mRNA pools (1, 10) . The rapid hybridization observed in these experiments suggests that the typical 24-h incubations used to remove high-abundance cDNAs are not necessary and can be harmful when pre-labeled cDNA is utilized. By decreasing the concentration of target and driver, the hybridization reaction can be slowed down to allow for optimization of hybridization conditions and to mimic the subtraction of low-abundance transcripts.
As illustrated in Figure 3 , when the target cDNA is reduced to a concentration below 500 pg/ µ L, the standard subtraction reaction does not significantly advance. The inability to subtract 200 pg/ µ L target cDNA with 10-fold excess driver in a standard subtraction reaction suggests a limit to the effectiveness of this reaction. Based on an assumption that each cell contains 3 0 000 mRNA molecules, the limit of effective subtraction can be calculated in terms of copies of an mRNA molecule per cell (4). The saturation concentration of target cDNA in a 10:1, driver:target, reaction is less than 1 µ g/ µ L. Therefore, a target concentration of 500 pg/ µ L target is always greater than .05% of the cDNA pool or about 15 copies per cell. Cot analysis of mammalian mRNA pools suggests that around 20% of the cDNA pool is present at less than 10 copies per cell (1) . According to the results described in this paper, 20% of the cDNA pool would not be subtracted following a 24-h incubation with a standard 10:1 subtraction reaction. This estimate is consistent with calculations based on both the Cot characteristics of mammalian mRNA populations, actual subtraction experiments of complex mammalian cDNA pools and comparison of subtracted and normal cDNA libraries produced from the same mRNA (1, 6) .
Thus, while high-abundance cDNAs can be removed easily after a very short hybridization reaction, low-abundance cDNAs (<10 copies per cell) are much more difficult to remove. Achieving cDNA enrichments above 5-10-fold for these low-abundance transcripts requires the use of high driver-to-target ratios. Higher driver-to-target ratio subtraction reactions result in less product, but the subtracted cDNA can be polymerase chain reaction (PCR)-amplified to produce sufficient cDNA for library screening or library production (14, 15) . Because the sequences of the control mRNAs utilized in this article are known, they can be utilized as controls for both the hybridization/subtraction and the PCR amplification reaction. Without the use of higher driver-to-target ratios, even cDNA enrichment approaches that use reiterative hybridization/subtraction/amplification have not been shown to successfully identify either induced or repressed low874BioTechniques
Vol. 20, No. 5 (1996) abundance transcripts (14) . To our knowledge, no other technique has yet been publicly presented that allows for the identification of low copy number mRNAs. For instance, traditional differential display techniques cannot amplify rare mRNAs, presumably due to the competition for amplification with more abundant transcripts (8). Detection of rare differentially expressed cDNAs may require the development of more powerful enrichment and detection techniques. The combination of subtractive enrichment reactions with differential display technology may significantly improve the amplification probability for low-abundance cDNAs; thereby making differences in these populations more easily detected. Optimization of these and other enrichment procedures will require the use of simple, inexpensive and effective procedural controls such as the one we have described in this article.
